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Lung density for assessment of hydration status in hemodialysis
patients using the computed tomographic densitometry technique. The
density of the lung reflects the total mass of fluid, air, and dry lung tissue
per unit volume of the lung. Lung density can be measured by evaluation
of attenuation of an electron beam with computed tomography (CT). This
technique has been shown to be sufficiently reliable and sensitive to
distinguish normal from abnormal lung water. The aim of this study was to
find out whether lung density properly reflects the hydration status in
hemodialysis patients in comparison with other standard methods. Four-
teen hemodialysis patients, with an ultrafiltration ranging from 0.3 to 4.5
liters per session, underwent CT measurements of lung density, ultrasono-
graphic measurements of the the diameter of the inferior vena cava after
quiet expiration (IVC0) and quiet inspiration (IVC), and measurements
of the hematocrit and plasma levels of the biochemical hydration markers
cyclic guanosine monophosphate (cGMP) and atrial natriuretic peptide(ANP). These measurements were performed before and 3.5 to 4 hours
after termination of dialysis. Quantitative estimates of lung density were
obtained within pixels with CT numbers ranging between —1000 and —100
Hounsfield Units (HU), and compared with normal data from 18 normal
controls. In normal controls, the lung density ranged from —800 to —730
HU. In hemodialysis patients, lung density was significantly higher than
normal before dialysis (—678 96 HU, P < 0.01) and significantly
decreased after dialysis (—706 92HU, P < 0.05), indicating a decrease
in fluid content of the lung. The density was normalized in 5 patients. A
significant correlation was found between lung density and IVCe both
before and after dialysis (r = 0.8, P < 0.01 for both). Change in density was
significantly correlated to amount of ultrafiltration (r = 0.67, P < 0.01)
and percent change in blood volume (r = 0.63, P < 0.05), indicating that
lung density is greatly affected by changes in the extracellular fluid volume,
mainly the intravascular volume. In conclusion, lung water reflects the
hydration status in hemodialysis patients and can be monitored by
measuring the lung density by CT. Accordingly, normalization of lung
density can help to achieve a proper dry weight in these patients.
Computed tomographic (CT) measurements of lung density are
based on tomographic imaging of electron density, which can be
performed with an accuracy of 3% [1, 2]. Lung density is a
composite value determined by the relative proportions of gas,
blood and extra vascular water per unit volume of the pulmonary
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tissue; fluctuations in any of these four variables can have a
profound effect on density measurements [3]. In an experimental
study [4], Hedlund, Vock and Effman found that rapid infusion of
one liter saline in anesthetized dogs increased the lung density by
about 25% of the baseline value. By contrast, when the animal was
bled until the blood volume in the heart was reduced to 50%, the
lung density decreased by about 23%. The densitometry tech-
nique is superior to conventional chest X-ray in estimating minute
changes in lung water, by detection of minute differences in the
attenuation of roentgenograms [5].
An increased volume of circulating lung water, with a wide
spectrum of presentation from minor congestion to overt pulmo-
nary edema, is a common finding in uremic patients, as a
consequence of circulatory overload resulting from salt and water
retention [6]. In a previous study [7] we found that the lung
density was high in hemodialysis (HD) patients with hypervolemia
and decreased after ultrafiltration. It was proposed that to achieve
a proper dry weight for HD patients the lung density should be
normalized.
The dry weight of an HD patient is frequently defined as the
body wt at the termination of HD below which the patient will
often become symptomatically hypotensive [8]. Correct estimation
of dry weight remains a major problem in the clinical practice of
dialysis, since clinical indices of hydration status are often insen-
sitive [9]. Some objective methods for evaluating the dry weight
have been used. Plain chest X-ray, although simple, is a matter of
debate because of the large inter-observer variation [10]]. Mea-
surements of the central venous pressure are limited by their
invasiveness and are not usually available for routine use [11].
Plasma estimation of volume markers, that is, cyclic guanosine
monophosphate (cGMP) and atrial natriuretic peptides (ANP),
has been claimed to be controversial [12], and affected by other
hormonal systems [13].
The Netherland group was the first to measure the inferior vena
cava (IVC) diameter by ultrasonography for estimating the fluid
status in HD patients [14]. However, several confounding factors
have to be taken into account. For example, in patients with
right-sided cardiac failure or tricuspid insufficiency, echography of
the IVC has to be interpreted with caution, as the technique has
not been validated in these patients [15]]. Also, the diameter of
the IVC is influenced by the myocardial performance [ii].
The aim of this study was to find out whether lung density
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measured by CT properly reflects the hydration status in HD
patients.
METHODS
Subjects
The study comprised 14 patients on maintenance HD after
informed consent. There were 8 men and 6 women, of ages
ranging from 33 to 63 years. Patients suffering from obvious
cardiac or pulmonary diseases were excluded.
For the CT study 18 normal subjects were included in order to
obtain normal lung density values. They were 10 men and 8
women, aged 32 to 64 years. These were subjects suspected of
having lung affection (such as following trauma) who had been
referred for lung scanning and whose lungs were found to be
radiologically normal. The same CT sections were scanned in
these subjects as in the HD patients.
Hemodialysis
All patients were being treated in our HD center for four hours
three times weekly and they had been on dialysis therapy for two
to six years. Bicarbonate dialysate and standard dialysis filters
(duprammonium rayon; AM-60 Bio, Asahi, Japan) were used. The
dialysate contained (mM/liter): sodium 139, potassium 1.0, chlo-
ride 108, calcium 1.5, magnesium 0.5, bicarbonate 36 and acetate
3. The ultrafiltration volume ranged from 0.3 to 4.5 liters per
session.
Before the start of dialysis the patient was transferred in a
supine position on a mobile bed to the Department of Radiology,
where ultrasonography and CT were undertaken.
Vena cava echography
Measurement of the IVC diameter was performed in the supine
position by B- and M-mode ultrasonography (Sonoline Elegra,
Siemens, Erlangen, Germany) with a 3.5 Mhz transducer. The
transducer was placed at the sub-xiphoid portion and a sagittal
view of the IVC was obtained, just below the junction of the IVC
and the hepatic veins, where the anterior and posterior walls of
the IVC are parallel. Since the IVC diameter increases during
expiration and decreases during inspiration, the maximal diameter
during quiet expiration (IVC) and minimal diameter during quiet
inspiration (IVC) were measured.
Computed tomography scan
After completion of the IVC measurements, CT scans of the
chest were performed, using a Somatom HiQ scanner (Siemens,
Erlangen, Germany). The exposures were taken at 120 kV and 50
mA for one second. The slice thickness was 8 mm and the
reconstruction matrix 512 x 512, resulting in a pixel element of
1.5 X 1.5 mm.
A frontal view covering the chest was obtained, after which
three levels of exposures were selected: the first at the apex, just
below the junction of the clavicle with the manubrium sterni; the
second approximately at the level of the carina, and the third level
above the diaphragm (base). The exposures were taken at the end
of normal expiration, in apnea. In between exposures respiration
was resumed.
The patient was transferred again to the HD unit, where dialysis
was carried out for four hours. After HD the patient then
remained in the HD ward for 3½ to 4 hours. Food, a small amount
of drink, medicine and movement inside the ward were allowed.
After this period, CT of the lung and ultrasonographic measure-
ments TVC diameter were repeated as before.
Blood samples
Blood samples were taken before and 3.5 hours after HD to
measure the plasma ANP and cGMP, serum electrolytes (Na, K,
Ca2 ) and the hematocrit value (Hct). Serum electrolytes were
measured by flame photometry and Hct by standard laboratory
method. The percent change in blood volume due to HD was
calculated from the changes in the hematocrit value, using the
following formula [16]:
100
LBV% =1- Hct pre-HD)
100(Hct pre-HD — Het post-HD)X
Het post-HD
Atrial natriuretic peptide and cyclic guanosine monophosphate
Blood samples were collected in EDTA- and aprotonin-treated
tubes on ice. Plasma was separated by centrifugation at a speed of
3,470 rpm at 4°C for 10 minutes. Samples were stored at —70°C
pending analysis. ANP was measured by a commercial radioim-
munoassay (RPA 512; Amersham, UK) after extraction on silica
cartridges; cGMP was determined by radioimmunoassay with
alcohol-extracted plasma. Both methods are described in detail
elsewhere [17, 18].
Hemodynamic measurements
The following hemodynamic variables were measured before
and 3.5 to 4 hours after dialysis by transthoracic bioimpedance
cardiography (NCCOM3; BoMed Medical Manufacturing, Irvine,
CA, USA): stroke index (SI), systemic vascular resistance index
(SVRI), ejection fraction (EF), mean arterial pressure (MAP)
and heart rate (HR).
Computed tomographic analysis
CT densitometric analysis of the lung was performed according
to a method described by Gattinoni et al [19]. It is based on the
assumptions (1) that the lung consists of a mixture of water and
gas only, providing the degassed lung tissue has the same density
as water [20] and including as lung tissue the structural lung
components; the water content is either intra- or extravascular;
and (2) that the three CT sections of the lungs (apex, carina and
base) are representative samples of the entire lung.
To define the regions of interest (ROIs), the three selected
slices of the lungs were traced manually along the inside edges of
the rib cage and at the edges of the mediastinal organs to exclude
the chest wall as well as the mediastinal organs. The total cross
sectional area of the three scans was caculated as the sum of the
six contoured areas (2 apices, 2 carinae, 2 hasals).
The density was expressed as CT numbers in l-lounsfield Units
(HU), where zero HU corresponded to water, —1000 FlU to air
and +1000 HU to bone [1]. Each CT scan was divided into a
matrix 512 >< 512 picture elements (pixels). Each pixel had an
attenuation value related to its content. The lung is the most
inhomogeneous organ in the body and containes both high- arLd
low-density structures (blood vessels and air-containing alveoli)
situated adjacent to each other. Since water has an attenuation of
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Table 1. Coefficients of variation for lung density and for the sizes of
the normally (area I) and poorly (area II) aerated areas in the three
scan levels
Region Density
Size
Area I Area II
Apex 0.8% 0.6% 5.4%
Carina 0.5% 0.3% 3.2%
Base 0.4% 0.2% 3.3%
zero HU and air of —1000 HU, the value of —500 HU can be
considered as a cut-off point between the air predominance and
the water predominance. Pixels with CT numbers between —1000
and —500 HU were considered to represent normally inflated
tissue (referred to in the following as area 1), and those with CT
numbers between —500 and —100 HU poorly aerated area
(referred to as area II) [19]. Area II in this context represents
mainly blood vessels located next to the hili and surrounded by a
poorly aerated lung parynchema. In the presence of pulmonary
hypervolemia, the vessel sizes and the area of poorly-aerated
parynchema increase. In this study, the sizes of both areas were
estimated, and lung attenuation was measured within the interval
of CT numbers between —1000 and —100 HU. Within this range
the attenuation of lung parynchema was measured with exclusion
of large bronchi and great vessels.
The density of the three scans was averaged (SD was less than
8%) and the total cross sectional areas were measured in the
uremic patients, both before and after dialysis. The coefficients of
variations for lung density and sizes of areas I and II are presented
in Table 1. The estimation of the precision error was based on an
analysis of duplicate manual definition of each scan in the patient
group. The smaller areas produced a larger precision error.
The density and sizes of area I and area II in the hemodialysis
patients were compared with those in the normal controls.
Statistical analysis
The data are expressed as means SD. The levels of signifi-
cance were computed using non-parametric methods. The Wil-
coxon signed-rank test was used for comparisons of measurements
made before and after dialysis in uremic patients, and the
Mann-Whitney test was used for comparisons of data between
patients and normal controls (or normal predicted values). Com-
parisons with the Student's t-test gave similar levels of signifi-
cance. A P value of < 0.05 in both the non-parametric and
Student's t-test was considered significant, and differences shown
to be significant by one test only were considered non-significant.
Linear regression analysis was performed according to the least
square method.
RESULTS
Figure 1 show the vena cava diameter during expiration in one
of the hemodialysis patients and also a CT scan at the level of the
earina in the same patient. The areas of normal and poor aeration
were identified and highlighted by the computer. The scan shows
dilated blood vessels indicating lung congestion due to hypervo-
lemia are seen in the scan. The congestion was quantified by
densitometric analysis and the lung density was found to be high
(—623 HU).
In normal controls the average density of the lung was —748
35 HU, with a range of about —800 to —730 HU (Table 2). A
strong significant correlation was found between lung density and
IVC (r = 0.8, P < 0.01 both before and after dialysis, Fig. 2).
After hemodialysis, the lung density and IVCe decreased. The
changes in lung density correlated significantly to the amount of
ultrafiltration (r = 0.67, P < 0.01, Fig. 3), and there was also a
significant correlation between changes in IVCe and the amount
of ultrafiltration (r = 0.68, P < 0.01). Changes in lung density
were also significantly correlated to percent changes in blood
volume (BV%; r 0.63, P < 0.05, Fig. 4).
The patients were divided into three groups according to the
post-HD hydration state, determined by measuring the post-HD
diameter of IVC [211: (1) art overhydrated group with post-HD
IVCe> 19 mm; (2) a normohydrated group with post-HD IVCe
13 to 19 mm; and (3) an underhydrated group with post-HD IVCe
< 13 mm (Tables 2 and 3).
Overhydrated group
This group comprised four patients with predialysis IVCe of
23.4 1.9 mm and IVC of 19.6 2.2 mm with a correspondent
lung density of —558 55 HU and an area Il/area I ratio of
50.1 38%. After hemodialysis with ultrafiltration of 1.8 1.7
liter, the IVCe and JVC1 non-significantly decreased to 21.2 2.9
mm and 18.0 1.8 mm, respectively, accompanied by a non-
significant decrease in lung density to —565 45 HU but a
significant decrease in area H/area I ratio to 35.2 17.1% (P <
0.01). The pre- and postdialysis lung density were significantly
higher than the lung density in normal controls (both P < 0.01).
Normohydrated group
Seven patients had more or less normal hydration. The amount
of ultrafiltration was 2.7 1 liters. There was a significant
decrease in IVC diameter after HD (IVC from 18.4 3.3 to
14.4 2.1 mm, P < 0.05; and IVC1 from 13.3 4.5 to 3.9 1.7
mm, P < 0.01), accompanied by a significant decrease in lung
density (from —695 29 to —730 27 HU, P < 0.05) and in the
area lI/area I ratio (from 13.5 3.8 to 10.9 3.1%, P < 0.05).
The predialysis lung density was significantly higher than the value
in the normal controls (P < 0.005) and after HD it was slightly but
not significantly higher.
Underhydrated group
This group comprised three patients with a pre-dialysis IVC of
12.8 1.2 mm and IVC1 of 5.6 2.3 mm; the correspondent lung
density was -800 38 HU and the area lI/area I ratio was 5.3
2.4%. Ultrafiltration amounted to 1.3 1 liters, and after HD
1VC and IVC1 were decreased to 9.8 1.3mm and 3.4 2.4 mm,
respectively. The lung density decreased to -813 23 HU.
Statistical analysis was not applied to this group because of the
small number of patients.
As shown in Table 2, compared with normal controls, before
HD the size of area I was significantly smaller and that of area II
significantly larger in both the overhydrated and normohydrated
groups, with an increase in the of area 11/area I ratio. After HD,
area I tended to increase and area II to decrease in size, with a
reduction in the area Il/area I ratio. In the normohydrated group,
the post-dialysis size of area I was not significantly different from
the value in normal controls, but in the overhydrated group it was
still significantly lower. In the underhydrated group, the post-
dialysis size of area I was larger than the size in normal controls.
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Fig. 1. (A) Measurement of the diameter of the inferior vena cava during quiet expiration (IVCe) in one hypervolemic hemodialysis patient with
combined B and M mode echography. The ivç was 21.7 mm. (B) A CT scan at the carina in the same patient, showing manually delineated lung
borders to define the region of interest (ROl).
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Fig. 1. Continued. (C) The area of normal inflatioji (pixels between —1000 and —500 HU) is highlighted. (D) The poorly inflated area (pixels between
—500 and —100 HU) is highlighted.
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Fig. 1. Continued. (E) Here the density was estimated within pixels of CT number between —1000 and —100 HU and was found to be —623 HU.
Table 2. Lung density measured within attenuation between —1000 and
—100 RU, and the areas of normally aerated (attenuation between
—1000 and —500 HU, Area I) and poorly aerated lung tissue
(attenuation between —500 and —100 HU, Area II), and their ratio
(area Il/area I) before (B.HD) and after hemodialysis (A.HD) are
presented in the three groups of patients in different states of hydration
(means SD)
Overhydrated Normohydrated Underhydrated
B i-lI) A.HD B.HD A.HD B.HD A.HD Normal
DensityHU —558° —565° .695d —730° —800" 8d —748
Area I
size cm2
300°
121
3O7 572d 611° 703
188
724°
254
687
108
Area II
size cm2
119°
31
98°
20
82.8"
19.2
54.5'
15.2
35.6
16
32.5
18.5
46.4
13
Ar Il/Ar I
ratio %
50.1
38
35.2"
17.1
175"
3.8
10.9'
3.1
5.3
2.4
4.6
2.2
7.0
2.5
ap <0.05, hp cp < 0.001 post- vs. pre-dialysis
"P <0.05, 'P fp <0.001 compared to normal controls
The values for the different areas and the degrees of significance
are given in Table 2.
Since area I changes reciprocally with area II, we assumed that
the area TI/area I ratio could be considered as an index of lung
aeration, and that in normal subjects with normally inflated lungs
it would be the lowest possible ratio.
Hemodynamic changes
As seen in Table 4, the systemic vascular resistance index
(SVRI) was increased in the overhydrated group without any
IVCe, mm
Fig. 2. Attenuation of the lung (HU) and its relation to the diameter of
the inferior vena cava in quiet expiration (l.VC). The correlation was
significant both before (•) and after (0) hemodialysis (r 0.8, P < 0.01
for both).
significant change in dialysis (3172 and 3275 dyn sec cm5
pre- and post-dialysis, respectively), with a concomitant increase
in mean arterial pressure (MAP; mean 110 and 107 mm Hg,
respectively). Stroke index (SI), ejection fraction (EF) and the
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Table 3. Measurements of the inferior vena cava diameter during quiet
expiration (IVC) and quiet inspiration (IVC), and of the plasma
biochemical markers cGMP and ANP before (B.HD) and after (A.HD)
hemodialysis in the overhydrated, normohydrated and underhydrated
patient groups
Normally
Overhydrated hydrated Underhydrated
B.HD A.HD B.HD A.HD B.HD A.HD
Fig. 4. Changes in lung density were significantly correlated to percent
changes in blood volume, calculated from the changes in the hematocrit
(r = 0.63, P < 0.05).
IVC0 mm 23.4
1.9
21.2
2.9
18.4
3.3
l4.4
2.1
12.8
1.2
9.8
1.8
IVC, mm 19.5
2.2
18.0
1.8
13.3
4.5
3.9'
2.7
5.6
2.3
2.4
3.4
cGMPpmoi/mi 59.8
17.9
57.1
18.8
35.8
11.8
180b
7.4
26.5
7.3
13.3a
1.7
ANP pg/mi 263
26.8
235
33
211
147
72C
66
132
94
37
19
The groups were defined on the basis of the post-dialysis IVCC. Values
are means SD.
P < 0.05, "p < 0.01, "p < 0.001 post- vs. pre-dialysis measurements
Table 4. The hemodynamic variables stroke index (SI), systemic
vascular resistance index (SVRI), ejection fraction (EF), mean arterial
blood pressure (MAP) and heart rate (HR) before (B.HD) and after
(A.HD) hemodialysis were presented in the three groups of patients
with different degrees of hydration
Normally
Overhydrated hydrated Underhydrated
B.HD A.HD B.HD A.HD B.HD A.HD
SI mi/m2 37 35 40 37 49 35C
SVRIdynseccm5m2 3172 3175 3198 2712" 2503 2317
617 885 669 688 275 595
EF % 54 58 61 56 60 42"
4 7 6 10 3 10
MAP mm Hg 110 107 108 96" 94 81
HR beats/mm
Values are means SD.
"P < 0.05, "p < 0.01 post- vs. pre-dialysis
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Fig. 3. Changes in lung density were significantly correlated to the
amount of ultrafiltration (UF) (r = 0.67, P < 0.01).
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heart rate (HR) were within the normal range without any
significant change in dialysis.
In the normohydrated group, there was a significant reduction
in SVRI (from 3198 to 2662 dyn sec- cm5 .m2) after HD, with
a concomitant decrease in MAP (from 108 to 96 mm Hg, P <
0.05). HR increased significantly (from 68 to 81 beats/mm, P <
0.05). SI and EF were within the normal range and were not
significantly changed by HD.
In the underhydrated group, HD caused a reduction in SVRI
20 (from 2503 to 2317 dyn see- cm5 . m2) and in MAP (from 94
to 81 mm Hg) and an increase in HR (from 65 to 80 beats/mm).
Both SI and EF were markedly reduced by HD.
Biochemical markers
Two patients were excluded from the biochemical analysis
because of methodological errors, one from the overhydrated and
another from the normohydrated group. Pre- and post-dialysis
plasma cGMP and ANP were significantly correlated to IVC and
lung density both before and after dialysis, as shown in Table 5.
The plasma cGMP and ANP concentrations in the three
hydration groups are given in Table 3. In the overhydrated group,
plasma cGMP and ANP were 59.8 17.9 pmoi/mi and 263 26.8
pg/mi before hemodialysis, and after HD they were slightly
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Table 5. Correlations (r) of IVCa and lung density (HU) to cGMP
and ANP
iVç. HU
B.HD A.HD B.HD A.HD
cGMP 0.72 0.62' 083b 0•83h
ANP o81h 0.44 072b
a P < 0.05, h P < 0.01 the degree of correlation significance
Abbreviations are: B.HD, before hemodialysis; A.HD, after hemodial-
ysis.
decreased to 57.1 18.8 pmollml and 235 33 pg/ml, respec-
tively. In the normohydrated group, these values significantly
decreased by HD from 57.1 18.8 pmol/ml and 211 147 pg/mi
to 18.0 7.4 pmol/ml and 72 66 pg/mI, respectively. In the
underhydrated group the predialysis plasma cGMP was 26.5 7.3
pmol/ml and plasma ANP 132 94 pg/mi with reductions to 37
18.8 pmol/ml and 14.8 7.5 pg/mI, respectively, after dialysis.
Serum electrolytes
There was a significant reduction in serum potassium (SK) from
4.9 0.7 to 3.8 0.2 mmol (P < 0.01) and an increase in serum
calcium (SCa2*) from 1.09 0.06 to 1.19 0.04 mmol (P < 0.01)
after dialysis, but no change in serum sodium (SNa; 139 1.8
before and 139 1.1 after dialysis).
DISCUSSION
The measurement of CT lung density is based on an approxi-
mate linear relationship between the attenuation of the X-ray
beam of 65 keV (about 120 kVe) and the density of the material
of low atomic number ranging from air to water [3].
The normal lung density was estimated by Rosenblum et al [22]
to be around —745 HU. In another study, the gravimetric density
of the lung was found to be 0.3 gm/cm3 (around —700 HU). A
wide variation in normal lung density has been observed in
relation to the respiratory cycle, to age and to regional variations
in ventilation and perfusion [20, 23]. In the present study, the lung
density of the normal control subjects ranged from —800 to —730
HU in a position of expiratory apnea, and within CT number
range of —1000 to —100 HU.
The lungs have two major components that affect the density,
namely air and fluid, and the latter can he either intra- or
extravascular. Any change in these components will result in
changes in lung density [24]. Hypervolemia results in increasing
microvascular pressure in the lungs, which leads to vascular
congestion and, if the pressure exceeds the plasma oncotic
pressure (usually about 25 mm Hg), to pulmonary edema [25]. A
major physical consequence of these changes in fluid volume in
the lung is an increase in lung density [26]. The densitometry
technique is valid for detecting the changes in lung water without
selective differentiation between the intra- and the extravascular
compartment.
During dialysis fluid loss occurs through the intravascular
compartment, but naturally it is derived from both the intravas-
cular and extracellular fluid volume [27]. The net result is a
decrease in both these fluid volumes. Plasma refilling is not
complete, however, at the end of dialysis and continues for several
hours until equilibration occurs.
The diameter of the inferior vena cava is closely related to the
central blood volume (CBV), and the amount of the total body
fluid is the determinant of CBV [28]. Therefore, IVC diameter
can be an indicator for the total body hydration status. In our
study lVC decreased significantly after dialysis, with a significant
correlation between the amount of ultrafiltration and the changes
in IVC. As regards IVC1, it was markedly dilated after HD in
severely overhydrated patients, which could possibly be due to
poor inspiratory collapse, a finding that has been reported by
another study [21]. Also, IVC, greatly decreased in normally
hydrated and underhydrated patients after HD. Thus, IVC did
not properly reflect the changes in body wt with hemodialysis and
was therefore excluded from the analysis in this study.
Pulmonary hypervolemia was manifested as a significant in-
crease in lung density compared to that in normal controls, and as
a decrease in the size of the area of normal aeration (area I) and
an increase in the size of the poorly inflated area (area II). After
dialysis, the reduction in total body water is accompanied by a
decrease in lung water. Two relevant observations were made: (1)
There was a decrease in the density of the lung, indicating the
introduction of more air. (2) The increase in the size of area I was
with a corresponding decrease in area II, which means that part of
the poorly aerated area is transformed into an area of normal
aeration. The decrease in lung density was significantly correlated
to the amount of ultrafiltration. This correlation could not be
detected in a previous study [7], a fact that might be due to
interindividual variation; moreover, in the present study the
density measurements were made after fluid equilibration. Since
increased total body fluid reflects on the pulmonary circulation,
the significant correlation between lung density and IVCC indi-
cates that lung density can be a reliable indicator of the state total
body hydration.
Changes in lung density are significantly correlated to BV%.
This may indicate that the intravascular change with hemodialysis
is an important contributory factor to changes in lung density.
Also, the densitometric technique is sensitive enough to detect
intravascular volume change in lung water. This may be in
accordance with the observation in an experimental study that the
lung density decreased in dogs when the intracardiac blood
volume was reduced by bleeding the animal [4].
The biochemical markers
In our study we did not measure plasma cGMP or ANP in
normal subjects. However, Wolfram and coworkers [29] reported
a normal plasma cGMP value of 3.3 0.2 pmol/ml, and an ANP
value of 46 4.2 pmol/ml. After exclusion of two of our patients
because of methodological error, the plasma cGMP and ANP
levels correlated significantly with IVC both pre- and post-HD.
This is in agreement with other studies [14, 29]. Lung density
values were significantly correlated to plasma cGMP before and
after HD and plasma ANP levels before but not after HD.
Leunissen et al [15], who used the conductivity method to evaluate
the hydration status in HD patients, did not find a significant
correlation between conductivity measurements and cGMP or
ANP. Both conductivity and lung density reflect the extracellular
fluid volume. The data in our study and in the study of Leunissen
et al [15] suggest that cGMP and ANP reliably reflect the
intravascular volume, but their validity in reflecting changes in the
extracellular fluid may be questionable. However, it seems that
cGMP is more closely related to the extracellular fluid volume
than ANP, an observation that has been made in another study
[30].
Plasma cGMP in dialysis patients with normal hydration was
Metty et al: Lung density and hydration status 1643
found to be not higher than 20 pmol/ml [301. In our study we
found in fact that plasma cGMP was higher than 20 pmol/ml in the
overhydrated group, around 20 pmol/ml in the normohydrated
group, and below 20 pmol/ml in the underhydrated group. How-
ever, the number of patients did not enable us to define a cut-off
value for plasma cGMP between the normohydrated and under-
hydrated groups.
Hemodynamics
Intravascular volume and vascular tone are the major determi-
nants of venous and arterial blood pressure. Venous smooth
muscle tone and venous blood volume determine the filling
pressure of the heart and thereby influence cardiac output; in
turn, cardiac output and systemic vascular resistance determine
the systemic arterial blood pressure [31].
A chronic increase in blood volume is characterized by an
increase in peripheral resistance and arterial blood pressure, while
the cardiac output remains unchanged [32]. Therefore, it seems
that in chronic hypervolemia cardiac output is maintained within
the normal limits on the behalf of increasing the systemic vascular
resistance leading to hypertension. The overhydrated patients in
our study were compatible with these assumptions, since their SI
was normal while the SVRI and MAP values were elevated both
before and after HD.
In the normohydrated group, hypervolemia was almost elimi-
nated by ultrafiltration, leading to a decrease in the contractile
response of the vascular smooth muscles and a concomitant
decrease in the SVRI and MAP.
In the underhydrated group, SI decreased after HD but was still
within the normal range, and the patients were hypotensive. The
heart rate increased to compensate for the reduction in MAP. It
has been reported that systemic vascular resistance increases in
the presence of hypovolemia [33], which is contradictory to our
finding that SVRI decreased in the three underhydrated patients
after HD. Our finding could be explained by the Baylis theory
[34], which states that the systemic vascular resistance changes
with alterations in the intravascular perfusion pressure to main-
tain a constant blood flow. Accordingly, we assume that with
reduction of the intravascular perfusion pressure by the hypovo-
lemia in the underhydrated HD patients, the systemic vascular
resistance decreased to maintain the blood flow constant. On the
other hand, the increased shearing stress after HD due to an
increased hematocrit has a dilatory action on conduit arteries and
arterioles [35] to also maintain a constant blood flow.
The ejection fraction was not affected by hemodialysis in over-
and normohydrated patients, but was markedly reduced in un-
derhydrated patients. This point should be carefully considered
when hypovolemia is suspected.
We suggest that local interactions of different mechanisms can
occur as a result of a change in volume, and that predominance of
one mechanism might explain the heterogenecity of the responses
seen in different physiological and pathophysiological circum-
stances.
We challenge the current definition of dry weight as the weight
below which the patient will develop hypotension [8], since the
patient will pass into a phase of asymptomatic hypovolemia due to
the interaction of the compensatory mechanisms, and with this
concept this phase may be overlooked. Charra et al [36] suggested
that the dry weight be defined as the post-HD body wt at which
patient can remain normotensive until the next dialysis session
despite retention of salt and water. We suggest that dry weight is
the weight at which the patient achieve an optimal hemodynamic
condition. This means that it is not only the blood pressure that
should be monitored but also the different circulatory variables, in
an attempt to be kept in a state of balance that includes the
inotropic status, volemic status and vasoactive status. For exam-
ple, acute hypervolemia is associated with an increase in the
cardiac output with no overall change in blood pressure [31].
Application of different techniques for intravascular and extracel-
lular volume measurements should be a guide to achieve the goal
of the optimal hemodynamic condition. These measurements
should be performed after fluid equilibration that is, approxi-
mately four hours after termination of HD.
CT densitometry has several advantages as it is a more quan-
titative method for estimating lung congestion or dehydration
than plain radiography. At the same time, it provides a possibility
for radiological examination of the lung for any possible patho-
logical abnormality, such as pleural effusion or lung congestion.
Lung density reflects the pulmonary extracellular fluid including
the intra- and extravascular extracellular compartments.
Ultrasonography of IVC is a valuable tool for estimating dry
weight in HD patients, but some caveats should be kept in mind:
(1) in a recent study [11], Mandelbaum and Ritz reported a wide
variation of IVC diameter in normals, which may pose difficulty in
some patients to reach the IVC diameter that reflects the proper
body hydration. (2) A significantly positive correlation between
IVC diameters and heart rate was detected by the same authors
[11], and they suggested that the IVC diameter should be inter-
preted after being corrected to the heart rate. (3) The presence of
tricuspid insufficiency leads to unreliable results as it influences
the IVC diameter per se [15]. (4) IVC ultrasonography allows an
estimation of intravascular volume in patients without cardiac
filling impairment. However, unlike CT densitometry, interstitial
volume is not reflected by IVC diameter.
Limitations of the technique
CT densitometry technique, like any other, is obviously not
without problems. The technique is limited by the radiation
exposure. The radiation dose for one examination is approxi-
mately 1.0 milliSievert (mSv), which is quite a low exposure when
compared to the average radiation dose of 5 mSv per year
received by every person in Sweden. Moreover, there are trials to
reduce the CT radiation dose used for densitometric analysis to
10% of the current dose [37]. However, in the present situation,
we propose that the CT densitometry technique is of value in
selected patients in whom the assessment of dry weight is prob-
lematic.
There are additional limitations to the use of the densitometry
technique for monitoring the state of body hydration, for example,
when the lung parenchyma is affected by local diseases that affect
the lung density and mask the effect of the total body hydration on
the lung. As described by Genereux [38], low-density lung disease
implies a regional or diffuse decrease in the CT density of the
lung, caused by parenchymal loss, diminished perfusion, an in-
creased air content, or a combination of these factors. Conversely,
high-density lung disease implies an increase in the CT density of
the lungs due to an abnormal accumulation of fluid, cells, or other
tissue elements within the small air spaces, interstitium, or both.
Also, application of this technique is still questionable in patients
with congestive cardiac failure.
In conclusion, normalization of lung water could be a good
indication of a proper dry weight in hemodialysis patients. The
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lung water status could be monitored by measuring the lung
density by computed tomography.
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APPENDIX
Abbreviations used in this article are: CT, computed tomography; IVCC,
diameter of the inferior vena cava after quiet expiration; IVC1, diameter of
the inferior vena cava after quiet inspiration; cGMP, cyclic guanosine
monophosphate; ANP, atrial natriuretic peptide; HU, Hounsfield Units;
HD, hemodialysis; By, blood volume; SVRI, systemic vascular resistance
index; EF, ejection fraction; MAP, mean arterial pressure; HR, heart rate;
CBV, central heart rate; SI, stroke index.
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